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ABSTRACT

This paper investigates the kinematic flow and precipitation evolution of a winter storm over and up-
stream of the Wasatch Mountains [Intermountain Precipitation Experiment third intensive observing pe-
riod (IPEX IOP3)] using a multiply nested version of the fifth-generation Pennsylvania State University
(PSU)––National Center for Atmospheric Research (NCAR) Mesoscale Model (MM5). Validation using in
situ aircraft data, radiosondes, ground-based radar, and surface observations showed that the MM5, which
featured four domains with 36-, 12-, 4-, and 1.33-km grid spacing, realistically simulated the observed partial
blocking of the 8–12 m s�1 ambient southwesterly flow and development of a convergence zone and
enhanced lowland precipitation region upwind of the initial Wasatch slope. The MM5 also properly simu-
lated the advance of this convergence zone toward the base of the Wasatch during the passage of a midlevel
trough, despite not fully capturing the westerly wind shift accompanying the trough.

Accurate simulation of the observed precipitation over the central Wasatch Mountains (within 25% of
observed at all stations) required a horizontal grid spacing of 1.33 km. Despite close agreement with the
observed surface precipitation, the Reisner2 bulk microphysical scheme produced too much supercooled
cloud water and too little snow aloft. A model microphysical budget revealed that the Reisner2 generated
over half of the surface precipitation through riming and accretion, rather than snow deposition and
aggregation as implied by the observations. Using an intercept for the snow size distribution that allows for
greater snow concentrations aloft improved the snow predictions and reduced the cloud water overpredic-
tion.

Sensitivity studies illustrate that the reduced surface drag of the Great Salt Lake (GSL) enhanced the
convergence zone and associated lowland precipitation enhancement upstream of the Wasatch Mountains.
The presence of mountain ranges south of the Great Salt Lake appears to have weakened the along-barrier
flow and windward convergence, resulting in a slight decrease in windward precipitation enhancement.
Diabatic cooling from falling precipitation was also important for maintaining the blocked flow.

1. Introduction

During the past several years the development of
new observational tools and high-resolution modeling

has sparked renewed interest and field studies on oro-
graphic precipitation. This research has been motivated
by 1) known deficiencies in model bulk microphysical
parameterizations (Garvert et al. 2005b; Colle et al.
2005), 2) limited understanding of how the moist dy-
namical flows over terrain impact precipitation produc-
tion (Jiang 2003; Colle 2004), and 3) limited knowledge
of the microphysical processes over different geo-
graphic locations and ambient conditions.
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Progress in these areas requires detailed observations
from many different locations and barrier dimensions.
As a result, during the late 1990s and early 2000s, nu-
merous field studies were designed to collect surface
and aircraft data in order to better understand oro-
graphic precipitation processes and microphysics, such
as the Mesoscale Alpine Project (MAP) over the Eu-
ropean Alps during the fall of 1999 (Bougeault et al.
2001), the California Landfalling Jets Experiment
(CALJET) in the winter of 1998 (Ralph et al. 1999), the
Improvement of Microphysical Parameterization
through Observational Verification Experiment
(IMPROVE-2) over the Oregon Cascades during De-
cember 2001 (Stoelinga et al. 2003), and the Intermoun-
tain Precipitation Experiment (IPEX) over the Wa-
satch Mountains of Utah during February 2000 (Schultz
et al. 2002). These field studies provide data from a
spectrum of barrier widths, ranging from the large Al-
pine terrain for MAP to the moderately wide Cascades
during IMPROVE-2 and the narrow (�10 km half-
width) Wasatch in IPEX. In addition, the results from
IMPROVE-2 and CALJET over a coastal maritime en-
vironment can be contrasted with the more continental
IPEX environment that likely has more cloud conden-
sation nuclei and less moisture availability.

For relatively stable flow cases over the Alps and
Cascades, the near-surface flow decelerates, resulting in
a layer of strong wind shear within 1 km of the surface
(Medina et al. 2005). Turbulent vertical motions of
about 1–2 m s�1 within this shear layer may enhance
snow aggregate growth above the freezing level (Houze
and Medina 2005). The amount of upward motion and
riming over the windward peaks is largest when the
topographic blocking is small (Medina and Houze
2003). For example, during the partially blocked 13–
14 December 2001 IMPROVE-2 case, riming was
observed aloft over the windward slopes of the Cas-
cades (Woods et al. 2005), and it was shown to be im-
portant in the observed and simulated microphysical
budgets (Woods et al. 2005; Colle et al. 2005). Un-
blocked flow produces large rainfall events along the
steep windward slopes of the California coast (Neiman
et al. 2002), where orographic precipitation is best cor-
related with the flow below crest level when the flow is
unblocked.

Although high-resolution mesoscale models can re-
alistically simulate the kinematic flow patterns over
these barriers, such as partial flow blocking and gravity
waves over the Cascades (Garvert et al. 2005a), recent
verification of bulk microphysical parameterizations
(BMPs) has revealed large deficiencies for orographic
precipitation (Colle and Zeng 2004a; Garvert et al.

2005a). Using in situ aircraft data from the 13–14 De-
cember 2001 IMPROVE-2 event and the fifth-genera-
tion Pennsylvania State University (PSU)–National
Center for Atmospheric Research (NCAR) Mesoscale
Model (MM5) (Grell et al. 1994), Garvert et al. (2005b)
showed that the most sophisticated BMP (Reisner2)
(Thompson et al. 2004) in MM5 produced too much
snow aloft, thus resulting in surface precipitation over-
predictions over the windward slopes and in the imme-
diate lee of the crest. Colle et al. (2005) showed that the
surface precipitation for this event was sensitive to
BMP parameters such as the intercept for the snow size
distribution. In particular, they showed that the fixed
intercept formulation used in many BMPs (Lin et al.
1983; Rutledge and Hobbs 1983) overproduces snow
and depletes too much cloud water over the crest.
Other studies have utilized versions of Lin et al. (1983)
and Rutledge and Hobbs (1983) to explore model mi-
crophysical sensitivities associated with convection
(Gilmore et al. 2004) and hurricanes (McFarquhar and
Black 2004), so the results from orographic field stud-
ies, such as IMPROVE-2, are relevant to the broader
community’s effort to address deficiencies in quantita-
tive precipitation forecasting. It is clear that all BMPs
suffer from uncertainties regarding particle size distri-
butions, fall speeds, ice initiation, and autoconversions.
Further information regarding some of the microphysi-
cal uncertainties shared between Reisner2 and other
BMPs are highlighted in appendix A of Stoelinga et al.
(2003).

The modeling results from the wider barriers of
IMPROVE-2 and MAP need to be compared with nar-
rower barriers and different ambient conditions. Using
two-dimensional idealized simulations, Colle (2004) il-
lustrated that gravity waves induced by relatively wide
barriers (�30 km half-width) can generate a windward
pressure perturbation and upward motion aloft that re-
sults in ice/snow aloft upstream of the barrier. Colle and
Zeng (2004b) showed that the microphysical sensitivi-
ties can be different between a relatively wide barrier
(�25 km half-width) and a narrower mountain of simi-
lar height. A steeper slope generates stronger vertical
motion, while a smaller mountain half-width has a
shorter time scale for microphysical growth. They
showed that simulations over a narrow barrier with a
steep slope may be more sensitive to cloud water au-
toconversion thresholds and the density of graupel than
simulations over a wider and less steep barrier. In con-
trast, a wider mountain is more sensitive to snow inter-
cepts and hydrometeor fall speeds. Overall, there have
been fewer high-resolution simulations of orographic
precipitation for interior mountain ranges of the Inter-
mountain West. As a result, there has been limited veri-
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fication of bulk microphysical parameterizations over
these relatively narrow barriers.

The IPEX field experiment offers an opportunity to
investigate orographic precipitation mechanisms and
microphysical processes over the relatively narrow
(�10 km half-width) Wasatch Mountains of northern
Utah (Schultz et al. 2002). These microphysical results
can be compared with other field studies such as
IMPROVE-2. Operational models cannot resolve the
steep Wasatch Front; therefore, unlike wider barriers,
such as the Cascades, in which 12-km grid spacing has
been shown to be sufficient for mesoscale modeling
(Mass et al. 2002), the Wasatch may require at least
4-km grid spacing to generate a realistic precipitation
forecast (Hart et al. 2004).

Shafer et al. (2005, manuscript submitted to Mon.
Wea. Rev., hereafter SSC) described the synoptic flow
and development of a midlevel trough during the third
intensive observing period (IOP3) of IPEX. Mean-
while, Cox et al. (2005) presented the observed kine-
matic and precipitation structures of IOP3 using con-
ventional data, in situ airborne data from the National
Oceanic and Atmospheric Administration (NOAA)
WP-3D, and two University of Oklahoma Doppler on
Wheels (DOW) X-band radars (Wurman et al. 1997),
which were located 20 km upstream of the Wasatch.
Over 80 cm of snow fell near the Wasatch crest during
IOP3, which was the largest precipitation event during
IPEX. Cox et al. (2005) showed using Doppler winds
that the near-surface flow was blocked by the Wasatch,
resulting in convergent near-surface flow 20–40 km up-
stream of the Wasatch between the upstream south-
westerlies and the along-barrier southerly flow. The up-
stream convergence resulted in enhanced precipitation
over the region of blocked flow and windward slope,
while cross-barrier flow at crest level resulted in signifi-
cant spillover over the crest and a lee wave.

Field observations alone cannot answer some funda-
mental issues regarding the mesoscale evolution of this
IPEX event; therefore, this paper extends the observa-
tional work of Cox et al. (2005) by completing a series
of high-resolution model simulations of IPEX IOP3.
The purpose of this paper is fourfold: 1) to use the
MM5 to better understand the three-dimensional flow
and precipitation evolution around the Wasatch, 2) to
verify the MM5 precipitation forecasts with decreasing
horizontal grid spacing, 3) to validate the model micro-
physics over a relatively narrow mountain barrier (i.e.,
the Wasatch Mountains) using aircraft data and a
model microphysical budget, and 4) to determine the
processes responsible for the formation of the wind-
ward convergence zone and precipitation region.

Section 2 provides a detailed description of the
model, experimental design, and analysis methods. Sec-
tion 3 presents the model synoptic and mesoscale evo-
lution of the event and comparison with observations.
The in situ microphysical verification, microphysical
budget, and microphysical sensitivity simulations are
presented in section 4. Section 5 includes a discussion
on the impact of the upstream terrain, Great Salt Lake
(GSL), and diabatic cooling from precipitation on the
upstream blocking and precipitation evolution. Sum-
mary and conclusions are presented in section 6.

2. Data and analysis methods

The MM5 (version 3.5) was used in nonhydrostatic
mode to simulate IOP3 and to provide additional sen-
sitivity simulations. For this simulation, stationary 1.33-,
4-, and 12-km domains were nested within a 36-km do-
main using one-way nest interfaces (Fig. 1a). The model
top was set at 100 mb. Thirty-seven unevenly spaced
full-sigma levels were used in the vertical, with seven
levels in the boundary layer. Five-minute-averaged ter-
rain data were analyzed to the 36- and 12-km model
grids using a Cressman analysis scheme and filtered by
a two-pass smoother/desmoother. For the 4- and 1.33-
km domains (Fig. 1b), a 30-s topography dataset was
interpolated to the grid in order to better resolve the
inland hills and valleys. A 30-s land-use dataset from
NCAR was used to initialize 24 surface categories for
all domains. Initial atmospheric conditions at 1200
UTC 12 February 2000 were generated by interpolating
the National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS) model analysis
(1° resolution) to the MM5 grid. The 6-hourly GFS
analyses were linearly interpolated in time in order to
provide the evolving lateral boundary conditions for
the 36-km domain. The U.S. Navy Optimum Thermal
Interpolation System (OTIS) sea surface temperature
analyses (�30 km grid spacing) were used to initialize
the MM5 surface temperatures over water. The Great
Salt Lake temperature was set to 6°C, as observed at
the Hat Island Mesowest site maintained by the Uni-
versity of Utah (Fig. 1b). The Grell convective param-
eterization (Grell et al. 1994) was applied, except for
the 4- and 1.33-km domains, where convective pro-
cesses were resolved explicitly. The planetary boundary
layer (PBL) was parameterized using NCEP’s Medium-
Range Forecast (MRF) scheme (Hong and Pan 1996).
Klemp and Durran’s (1983) upper-radiative boundary
condition was applied in order to prevent gravity waves
from being reflected off the model top.

The control (CTL) simulation used the Reisner2 ex-
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